Vertebrate mRNAs are frequently targeted for post-transcriptional repression by microRNAs (miRNAs) through mechanisms involving pairing of 39 UTR seed matches to bases at the 59 end of miRNAs. Through analysis of expression array data following miRNA or siRNA overexpression or inhibition, we found that mRNA fold change increases multiplicatively (i.e., log-additively) with seed match count and that a single 8 mer seed match mediates down-regulation comparable to two 7 mer seed matches. We identified several targeting determinants that enhance seed match-associated mRNA repression, including the presence of adenosine opposite miRNA base 1 and of adenosine or uridine opposite miRNA base 9, independent of complementarity to the siRNA/miRNA. Increased sequence conservation in the ;50 bases 59 and 39 of the seed match and increased AU content 39 of the seed match were each independently associated with increased mRNA down-regulation. All of these determinants are enriched in the vicinity of conserved miRNA seed matches, supporting their activity in endogenous miRNA targeting. Together, our results enable improved siRNA off-target prediction, allow integrated ranking of conserved and nonconserved miRNA targets, and show that targeting by endogenous and exogenous miRNAs/siRNAs involves similar or identical determinants. .
INTRODUCTION
Precise control of mRNA and protein levels in different cell types requires regulation at multiple levels. In metazoans, a large proportion of mRNAs is targeted for post-transcriptional repression by z22 nucleotide (nt) microRNAs (miRNAs). Identified as developmental regulators, miRNAs are now known to play roles in diverse biological processes including control of proliferation, apoptosis, stress resistance, and metabolism (Ambros 2004; Bartel 2004; Filipowicz et al. 2005; Zamore and Haley 2005) . miRNAs were initially described as exerting their effects primarily by inhibiting productive translation of mRNAs (Lee et al. 1993; Wightman et al. 1993 ). More recently, several studies have demonstrated that animal miRNAs can direct accelerated decay of targeted mRNAs (Hutvagner and Zamore 2002; Bagga et al. 2005; Lim et al. 2005; Rehwinkel et al. 2005; Giraldez et al. 2006 ) and that siRNAs commonly direct decay of ''off-target'' mRNAs (Jackson et al. 2003) . When they possess near-perfect complementarity to a targeted mRNA, miRNAs can direct endoribonucleolytic cleavage of mRNAs (''slicer'' activity) by Argonaute2 (AGO2) (Hutvagner and Zamore 2002; Llave et al. 2002; Meister et al. 2004 ). This type of targeting is predominant in plants, but appears to occur only rarely for animal miRNAs (Yekta et al. 2004; Jones-Rhoades et al. 2006) . For typical metazoan targets that possess complementarity only to a segment at the miRNA 59 end, miRNAs appear to direct mRNA degradation by mechanisms that may involve AGO2 but do not appear to involve its slicer activity (Bagga et al. 2005; Schmitter et al. 2006) . Instead, decay may be promoted by relocalization of targeted mRNAs to specific cytoplasmic locations, which can be sites of mRNA decapping and degradation (for review, see Valencia-Sanchez et al. 2006 ) and/or by acceleration of mRNA deadenylation (Giraldez et al. 2006; Wu et al. 2006) .
In many studies, miRNA regulation has been assessed only at the protein level, without distinguishing the relative contributions of effects on mRNA decay and on inhibition of translation. However, for some individual targets, both mRNA-level and protein-level effects have been measured. For the classical let-7 and lin-4 target genes lin-41, lin-14, and lin-28 (Lee et al. 1993; Wightman et al. 1993 ), a recent study found a predominant effect on mRNA stability (Bagga et al. 2005) . Studies of transfected miRNAs or siRNAs using transfected reporters with moderate degrees of complementarity have typically reported significant effects on protein levels, with modest or negligible effects on mRNA levels (Zeng et al. 2002 (Zeng et al. , 2003 Doench et al. 2003; Doench and Sharp 2004) . However, studies that have examined changes in the expression of endogenous mRNAs in response to manipulation of miRNAs have generally observed widespread miRNA-associated changes in mRNA levels. Following miRNA overexpression, Lim and colleagues (2005) observed down-regulation of sets of mRNAs that were enriched for predicted miRNA targets and for genes with low expression levels in the tissues where the miRNAs were naturally expressed, supporting the physiological relevance of this effect. Inhibiting the expression of the critical miRNA processing enzymes Dicer and Drosha also yields specific derepression of predicted miRNA targets at the mRNA level (Rehwinkel et al. 2005; Giraldez et al. 2006; Schmitter et al. 2006) . Thus, perturbations of miRNA expression commonly affect the levels of endogenous mRNAs, and effects on mRNA stability appear to be an important component of the endogenous function of miRNAs.
The special importance of the miRNA 59 end was suggested by early studies (Lee et al. 1993; Wightman et al. 1993; Lai 2002) . Since then, the critical importance of pairing to the miRNA seed, comprising bases 2-7 from the miRNA 59 end, has been established through extensive comparative genomic and experimental studies (Lewis et al. 2003 Doench and Sharp 2004; Brennecke et al. 2005; Stark et al. 2005 ). The degree of conservation above background in orthologous 39 UTRs of ''seed match'' segments having Watson-Crick (WC) complementarity (''matching'') to the seed regions of conserved miRNAs can be used to estimate the number of conserved targets. This approach indicated that at least one-third of mammalian mRNAs are conserved targets of one or more conserved miRNAs , and related methods have indicated that a comparably large fraction of Drosophila mRNAs represent conserved miRNA targets Grun et al. 2005) . Recent analyses of mRNA sequence and expression patterns have detected pervasive effects of miRNAs on mRNA expression and evolution, suggesting that most mRNAs are subject either to direct miRNA regulation or to evolutionary pressure to avoid miRNA targeting (Farh et al. 2005; Stark et al. 2005) .
Some targets identified genetically possess complementarity to bases at the 39 as well as 59 ends of miRNAs, which may confer specificity to individual members of a miRNA family. However, comparative genomic approaches have determined that ''seed only'' type targets comprise the vast majority of all conserved miRNA targets Lewis et al. 2005 ). This conclusion is also supported by miRNA overexpression experiments; e.g., in the study by Lim and colleagues (2005) , 88% of mRNAs whose expression was significantly repressed following transfection of miR-1 contained seed matches in their 39 UTRs, and replacing the 39 end of the transfected miRNA by unrelated sequences yielded a largely overlapping set of down-regulated mRNAs. However, the presence of a minimal seed match is not generally sufficient to generate detectable mRNA down-regulation; e.g., only about one-tenth to one-twentieth of expressed genes containing a 6 nt seed match in the Lim study were significantly down-regulated (not shown), suggesting that miRNA regulation is strongly influenced by additional targeting determinants.
To assess a variety of potential targeting determinants, we analyzed the effects on global mRNA expression in miRNA and siRNA overexpression studies. In parallel, the effects on mRNA expression of endogenous mouse miRNAs were analyzed following knockout of the Dicer1 gene, which is essential for miRNA maturation in vertebrates. Our results uncover additional rules and determinants for targeting that hold for both endogenously expressed miRNAs and exogenous miRNAs and siRNAs.
RESULTS AND DISCUSSION
A hierarchy of extended seed match types associated with different degrees of target down-regulation
To explore miRNA targeting determinants, we analyzed global mRNA expression data following transfection of the tissue-specific miRNAs miR-1 and miR-124 into HeLa cells reported by Lim and colleagues (2005) . To assess the impact of a putative targeting determinant on downregulation, we compared the distributions of log fold change (LFC), defined as the log base 2 of expression in miRNAtransfected cells over that in mock-transfected cells, for mRNAs containing and lacking the putative determinant. The cumulative distribution functions (CDFs) of LFCs for these two mRNA sets could then be compared and the significance of differences assessed using a Wilcoxon rank sum test (Materials and Methods). Using this approach, mRNA sets with and without specific hexanucleotides (6 mer) in their 39 UTRs were compared for all 4096 possible 6 mer in both miRNA transfection datasets. Following miR-1 transfection, the most significant down-regulation was observed for mRNAs containing the 6 mer CAUUCC, which has perfect WC complementarity to miR-1 bases 2-7 (P < 10 À34 , Bonferroni corrected for the 4096 comparisons performed). For miR-124, the most significant downregulation was associated with GUGCCU (P < 10 À58 ) and UGCCUU (P < 10 À26 ), which are complementary to miR-124 bases 3-8 and 2-7, respectively. These observations, obtained without the need to define significantly up-and down-regulated mRNA sets, are entirely consistent with the motif-finding analyses of significantly down-regulated mRNAs by Lim and colleagues (2005) , and suggest that pairing to miRNA seed matches was a primary effector of mRNA down-regulation in this experiment.
Stronger down-regulation was observed for mRNAs containing additional matching to the transfected miRNAs in their 39 UTRs beyond the 6-base seed match (Fig. 1B,D) . As shown in Figure 1A , we use the notation m1, m2, . . . to refer to miRNA bases, starting at the 59-most base, and t1, t2, . . . to refer to positions in target mRNAs opposite miRNA bases m1, m2, . . ., respectively, in presumptive seed:seed match duplexes . Those mRNAs that contained a seed match 6 mer flanked by a WC match to miRNA base 8 ( Fig. 1, M8 7 mer; red curves) exhibited enhanced down-regulation relative to those that contained a 6 mer alone (P < 10 À5 for both miR-124 and miR-1). The presence of an adenosine at position t1 ( Fig. 1 , A1 7 mer; blue curves) was also associated with greater mRNA down-regulation than a seed match alone for both miRNAs (P < 0.03, P < 10 À5 for miR-124 and miR-1, respectively). Those mRNAs that contained seed matches flanked by both of these features (Fig. 1 , M8-A1 8 mer; purple curves) exhibited greater mRNA down-regulation (P < 0.002 relative to A1 7 mer for both miRNAs). Modest but significant down-regulation was observed for mRNAs that contained only a seed match 6 mer not flanked by an M8 or A1 base ( Fig. 1, 6 mer; green curves) for miR-1 (P < 10 À4 ), but not miR-124 (NS). Therefore, the highly significant down-regulation observed for the seed match 6 mer in the independent 6 mer analysis is attributable primarily to the effects of M8 and A1 7 mer and M8-A1 8 mer. We consider these 7 mer and 8 mer and the seed match 6 mer to represent distinct ''seed match types'' and refer to these 7 mer and 8 mer collectively as ''extended seed matches.'' These observations suggest that the presence of these types of extended seed matches, not just of a seed match 6 mer, may be generally required for effective miRNA-directed down-regulation of mRNAs. A similar hierarchy of seed match types was observed when mRNAs containing conserved and nonconserved extended seed matches were analyzed separately (Supplemental Fig. S1 ). All mRNA sets in the above analyses were mutually exclusive, and no significant differences between the distributions of expression levels of mRNAs containing different seed match types were detected by rank sum test.
There are multiple ways to think about the magnitude of the mRNA down-regulation effect attributable to a given seed match type. One perspective is to consider the set of mRNAs containing the given seed match type that were significantly down-regulated (e.g., those with LFC < 97.5% of control mRNAs lacking seed matches). By this criterion, 45% of expressed mRNAs containing 8 mer seed matches were down-regulated following miR-124 transfection. Among these genes, the average LFC was À0.97, corresponding to a 100 3 (1 À 2 À0.97 ) = 49% decrease in expression. For M8 7 mer seed matches, 25% of mRNAs were significantly downregulated, and these had a mean LFC of À0.87, a 45% decrease in expression. The fraction of mRNAs significantly down-regulated, two measures of the magnitude of downregulation, and rank sum P-values for all of the analyses shown in Figure 1 and Supplemental Figure S1 are provided in Supplemental Tables S1 and S2, respectively. Another perspective is to consider all of the data and to calculate the mean normalized log fold change (nLFC), defined as the mean LFC for expressed mRNAs lacking seed matches to the transfected miRNA minus the mean LFC for expressed mRNAs containing the given seed match type in their 39 UTRs. (As defined, the nLFC will be positive if a seed match type is associated with mRNA down-regulation.) For miR-124, the mean nLFC value of the M8-A1 8 mer seed match type was 0.56, roughly twice that for the M8 7 mer (0.25). Thus, if fold change is multiplicative (i.e., log-additive) in the number of seed matches (as will be shown below), then the fold change associated with one 8 mer seed match is roughly equivalent to that associated with two 7 mer seed matches. Because it uses the largest possible set of mRNAs, and is less sensitive to the shape of the tail of the no-seed-match distribution, the mean nLFC is a more robust statistic for analyzing seed-match-associated effects than the fraction of significantly down-regulated mRNAs. For this reason, mean nLFC is used extensively in this study. However, by considering all seed-match-containing mRNAs, not just those with significant changes, the mean nLFC likely underestimates the true magnitude of miRNA effects on target mRNA levels, and mRNA fold change values underestimate protein-level changes (see below) because miRNAs often inhibit translation as well as mRNA stability.
Seed match hierarchy supported by siRNA, comparative genomic, and luciferase data Exogenously added siRNAs complementary to seed match segments in mRNA 39 UTRs have been observed to direct similar effects at both mRNA and protein levels as transfected miRNAs (Doench et al. 2003; Jackson et al. 2003 Jackson et al. , 2006 . Using global mRNA expression data following transfection of siRNAs generated by Jackson and colleagues (Jackson et al. 2003 (Jackson et al. , 2006 and Schwarz and colleagues (Schwarz et al. 2006) , similar shifts in mRNA expression for seed-match-containing mRNAs were seen for siRNAs as were observed for transfected miRNAs. Those mRNAs that contained M8-A1 8 mer matches to the siRNAs were most strongly down-regulated, with the nLFC value for 8 mer roughly twice that seen for M8 or A1 7 mer, as was seen for transfected miRNAs. The effects of M8 7 mer were comparable to that for A1 7 mer, and both had nLFC values more than twice that of 6 mer, the same ordering of seed Lim et al. (2005) . Plots include only mRNAs containing exactly one miR-124 seed match, and thus the seed match type sets are mutually exclusive. The distribution of mRNA expression values did not differ significantly between seed match type sets (P > 0.05 by rank sum test). All seed match types except the 6 mer have distributions significantly different from the no-seed-match class (P < 0.005 by rank sum test). (C) CDFs of LFCs for mutually exclusive mRNA sets containing conserved (red) or nonconserved (blue) extended seed matches to miR-124, or no seed matches (gray); the conserved and nonconserved sets are significantly different (P < 0.001 by rank sum test). The ''nonconserved'' mRNA set contains exclusively nonconserved seed matches; the ''conserved'' mRNAs may also contain nonconserved seed matches. The nonconserved set was sampled to match the conserved set in seed match type and count, overall UTR conservation, and initial mRNA expression level (Supplemental Fig. S2 ). (D) Same as B for miR-1. All seed match type classes are significantly different from the no-seed-match class (P < 10 À4 by rank sum test). (E) Same as C for miR-1. The CDFs of conserved and nonconserved mRNA sets are significantly different (P < 0.01 by rank sum test). (F) Same as B for pooled set of 33 ''effective'' siRNAs that begin with non-U bases (Supplemental Material). Additional seed match classes containing M1 are shown (triangles). All seed match types have distributions significantly different from the no-seed-match class (P < 10 À14 by rank sum test). (G) Same analysis and controls as C for pooled set of siRNAs. The CDFs of conserved and nonconserved mRNA sets are not significantly different (P > 0.05 by rank sum test). See Supplemental Table S1 for additional statistics. match types as was observed for transfected miRNAs (Fig.  1F ). Thus, the targeting rules observed for transfected miRNAs generally apply to transfected siRNAs, suggesting that transfected siRNAs and miRNAs enter similar or identical silencing complexes and mediate similar effects on their targets (Hutvagner and Zamore 2002) .
Analyses of sequence conservation in mammalian 39 UTRs have previously found that a 6 mer seed match is the minimal unit of sequence that suffices to elicit a significant conservation ''signal'' above ''noise'' for conserved vertebrate miRNAs , but that requiring conservation of M8 and/or A1 bases greatly increased the signal:noise ratio. In alignments of five vertebrate genomes, the signal:noise ratio increased from 2.4:1 for 6 mer to 3.8:1 each for M8 and A1 7 mer, to 5.6:1 for M8-A1 8 mer . Thus, M8 and A1 bases adjacent to conserved seed matches in mammalian 39 UTRs are very often conserved, and the relative ordering of comparative genomic signal:noise ratios for different seed match types generally agreed with the relative magnitude of mRNA down-regulation effects observed above for transfected miRNAs (i.e., M8-A1 8 mer > M8 7 mer $ A1 7 mer > 6 mer). The agreement between these two orderings suggests that the miRNA effects on mRNA levels captured by microarrays are tightly correlated with the fold protein down-regulation-resulting from the product of mRNA decay and translational effectswhich is presumably the effect that is under selection.
Comparing data from a panel of luciferase reporters following miRNA transfection (Farh et al. 2005) to fold change values measured by microarray for the corresponding endogenous mRNAs ( Supplemental  Table S3 ), we observed a significant Spearman rank correlation of 0.63, despite the obvious differences in UTR context and whatever experimental noise was present in these assays. (As expected, average protein-level repression was somewhat larger than repression at the mRNA level.) This observation, though based on a small sample of genes, suggests that for typical targets, effects of miRNAs at the mRNA and protein levels may be reasonably well correlated.
Data from the panel of luciferase reporters (Farh et al. 2005) could also be used to address the effects of different seed match types. We observed that those reporters that contained at least one 8 mer seed match were more strongly repressed than those that contained exclusively 7 mer seed matches (P < 0.05 by rank sum test). Further, among those reporters containing exclusively 7 mer seed matches, those with at least one M8 7 mer were more strongly repressed than those containing exclusively A1 7 mer (P < 0.01 by rank sum test). Thus, the hierarchy of seed match types observed in the mRNA array data appears to hold also when miRNA effects were assessed at the protein level.
Effects of seed matches located in regions other than the 39 UTR were either very modest (coding regions) or not detected (59 UTRs), and so were not further explored here (not shown).
Evidence for direct recognition of t1 adenosines by the silencing complex
Preferential conservation of adenosine residues at the t1 position adjacent to miRNA seed matches was reported previously, even for the minority of miRNAs that do not begin with U (and have no known paralogs that begin with U). This observation led to the hypothesis that t1A residues in target mRNAs can be recognized directly by the silencing complex, in a manner that does not require pairing to the m1 base of the miRNA . To directly test this hypothesis, we turned to data from three siRNA transfection studies by Jackson and colleagues (Jackson et al. 2003 (Jackson et al. , 2006 and Schwarz and colleagues (Schwarz et al. 2006) . To distinguish between direct recognition of t1A and possible base-pairing to miRNA base m1, Figure 1F includes data only for siRNAs whose first base was not U, representing 33 of the 44 ''effective'' siRNAs in these studies (see Supplemental Material). Strikingly, we observed stronger mRNA down-regulation associated with A1 7 mer (which lack complementarity to base m1) than for M1 7 mer (which have a WC match to base m1) for these siRNAs (Fig. 1F , cf. solid blue curve, blue triangles and inset nLFC plot, P < 10 À15 ), supporting direct recognition of t1 adenosines by the silencing complex. In fact, no stronger down-regulation was observed for M1 7 mer than for 6 mer flanked by nonmatching bases other than A ( Fig. 1F , solid green curve), suggesting that base-pairing between the m1 and t1 bases, if it occurs, does not contribute to targeting. Similarly, stronger down-regulation was observed for M8-A1 8 mer than for M8-M1 8 mer ( Fig. 1F , cf. solid purple curve and purple triangles, P < 10 À13 ). Again, no stronger down-regulation was observed for M8-M1 8 mer than for M8 7 mer with nonmatching, non-A bases at position t1. Together, these observations strongly support the hypothesis that t1A residues adjacent to 6 mer or to M8 7 mer are recognized directly by a protein component of the silencing machinery in human cells, and that pairing to the m1 base, if it occurs, is of little or no consequence for targeting. This conclusion is consistent with recent structural studies of an Argonaute protein homolog in complex with dsRNA or an siRNA-like duplex, showing that the 59 nucleotide of the guide RNA (corresponding to the m1 base in an miRNA:mRNA or siRNA:mRNA duplex) is not base paired (Ma et al. 2005; Parker et al. 2005) . The predictions of widely used miRNA target prediction algorithms that reward WC matching at position 1 (e.g., John et al. [2004] ) should therefore be improved by instead rewarding t1A independent of miRNA complementarity.
Stronger down-regulation of mRNAs with conserved seed matches
The widespread conservation of 39 UTR seed matches since the divergence of rodents, carnivores, and primates (>50 million years ago [mya]) raises the issue of whether miRNA targets conserved over this time span commonly possess other determinants of miRNA targeting. To address this question, the distributions of LFCs for mRNAs containing exclusively nonconserved 39 UTR extended seed matches to miR-1 or miR-124 were compared with those of mRNAs containing conserved 39 UTR extended seed matches to these miRNAs (which will be greatly enriched for authentic conserved targets of these miRNAs). Notably, the mean nLFC for conserved extended seed matches was twice that seen for nonconserved extended seed matches for both miRNAs (Fig. 1C ,E). This difference was significant (P < 0.001 for miR-124, P < 0.01 for miR-1, by rank sum test), when controlling for overall UTR conservation, seed match type and count, and initial mRNA expression level (Fig.  1C ,E; Supplemental Table S1 , with controls performed as illustrated in Supplemental Fig. S2 ). This observation suggests that authentic conserved miRNA targets contain additional targeting determinants that make them substantially more repressible by miRNA-programmed silencing complexes. An additional control for generic effects of 7 mer conservation was performed using data from siRNA studies (Jackson et al. 2003 (Jackson et al. , 2006 Schwarz et al. 2006) . Because the siRNAs used in the Jackson/Schwarz studies are unrelated in sequence to known endogenous mammalian miRNAs, any conservation of seed matches to these siRNAs is purely coincidental and unrelated to regulation by endogenous miRNAs. No significant difference in the distribution of LFC values was observed between mRNAs containing conserved rather than nonconserved extended seed matches to the transfected siRNAs, when expression, seed match type and count, and overall UTR conservation were controlled for as above ( Fig. 1G ; Supplemental  Table S1 ). These observations imply that the increased repression observed for mRNAs containing conserved miRNA seed matches results from selection to enhance miRNA-directed repression in conserved targets relative to other genes.
Inducible inhibition of endogenous miRNA expression in mouse embryonic fibroblasts
The analyses described above rely on systems in which miRNAs or siRNAs are transfected into cells in which these RNAs are not naturally expressed. Although supported by independent analyses of UTR sequence conservation, the results are therefore subject to any potential differences between the activities of exogenous and endogenously expressed miRNAs, e.g., resulting from differences in incorporation into silencing complexes, if such differences exist. Therefore, it was of interest to ascertain whether the targeting rules observed above, e.g., the differences between seed match types and between conserved and nonconserved seed matches, apply also to regulation by endogenous miRNAs.
To study the activities of endogenously expressed mammalian miRNAs, we developed a conditional Dicer knockout system. Following Drosha processing in the nucleus, z70 nt hairpin pre-miRNAs are exported to the cytoplasm for secondary processing to the mature z22 nt miRNA by the RNase III enzyme Dicer (Kim 2005) . Vertebrates express only a single Dicer gene, Dicer1, which is essential for development in both the mouse and the zebrafish (Bernstein et al. 2003; Wienholds et al. 2003) . All vertebrate miRNAs appear to require processing by the protein product of this gene. Mice homozygous for a conditional null allele of Dicer1 were generated using a tamoxifeninducible promoter driving Cre recombinase (Danielian et al. 1998; Hayashi and McMahon 2002) and a conditional LacZ reporter (Soriano 1999; Supplemental Fig. S3 ). Cells were harvested from embryos at gestational day 16 and propagated in culture according to standard protocols to generate mouse embryonic fibroblasts (MEFs), which we refer to as conditional Dicer knockout (CDKO) MEFs.
Exposure of these cells to tamoxifen (ortho hydroxy tamoxifen; OHT) induces expression of Cre recombinase, resulting in a deletion that heritably inactivates the Dicer1 locus. By staining the cells for LacZ, we established the minimum concentration and time required to induce Cre expression and inactivate the Dicer1 locus in essentially all MEFs ( Fig. 2A; Supplemental Fig. S4 ). Within 24-48 h postinduction of Cre, proliferation slowed ( Fig. 2B ). Visual inspection of the cells suggested minimal levels of apoptosis, and a modest level of apoptosis not substantially greater than for control cells was confirmed by Annexin V staining (Supplemental Fig. S5 ). In these respects, the Dicerdeficient MEFs bore some similarities to Dicer-deficient T cells, which were reported to have reduced proliferation but only modestly increased levels of apoptosis (Muljo et al. 2005) .
By day 4 post-induction, Western analysis with Dicer antibodies detected an approximately threefold decrease in protein levels (Fig. 2C ). Day 4 post-induction represents an average of z2 d post-inactivation of the Dicer locus (Supplemental Fig. S4 ). At this stage, total RNA was collected from the MEFs for microarray analysis. Untreated CDKO MEFs and MEFs derived from wild-type mice (untreated or subjected to OHT treatment) were used as controls, and each experiment was repeated twice.
Mature miRNAs were profiled in the MEFs using a spotted oligonucleotide miRNA microarray with standard miRNA probes present in quadruplicate. Using this array, expression of 99 miRNAs was detected at more than two standard deviations (SD) above background in seven of the eight miRNA arrays ( Supplemental Table S4 ). Among the most highly expressed miRNAs were members of the let-7 family, miR-1, miR-124, miR-15a, miR-17-5p, and several other miRNAs previously detected in mouse embryos (Thomson et al. 2004) . Expression of several of the arraydetected miRNAs was also confirmed by Northern analysis (Supplemental Fig. S6 ). Spiked control RNA and secondchannel reference RNAs were used to enable comparison of miRNA array data between control and knockout cells. Levels of most miRNAs decreased following Cre induction/ Dicer knockout (Supplemental Fig. S6 ). The fold change in microarray hybridization intensity and in expression measured by Northern analysis were correlated, with the array intensity change consistently lower than the fold change measured by Northern (Fig. 2D ). The expression of most miRNAs tested was reduced by approximately twofold by Northern, consistent with the about threefold reduction in Dicer protein levels and the notion that miRNAs have fairly long, but not infinite, half-lives. Variability in the fold changes of different miRNAs was observed, which could reflect differences in miRNA stability, in pre-miRNA processing efficiency in the presence of limiting amounts of Dicer protein, or perhaps changes in miRNA transcription or processing in response to reduced Dicer protein or miRNA levels.
Targeting rules inferred from derepression of mRNAs following Dicer knockout
The expression of mRNAs was profiled in control and CDKO MEFs using Affymetrix Mouse Genome 430_2 arrays. This CDKO system has certain advantages over transfection-based systems for studies of miRNA function, including the potential to study the activities of endogenous miRNAs expressed at natural levels. The CDKO system generates a modest and gradual ebbing of miRNA levels, as opposed to miRNA/siRNA transfection, which effectively floods the cell with a specific miRNA/siRNA species. Although it requires administration of tamoxifen, use of targeted gene knockout to reduce Dicer levels, rather than RNAi, has the advantages of permanently inactivating the Dicer1 gene and avoiding addition of exogenous siRNAs, which could exert ''off-target'' effects like those seen in Figure 1F , complicating analysis of mRNA expression changes.
Analysis of miRNA effects on mRNAs following Dicer knockout is necessarily more complex than for miRNA/siRNA transfection experiments because loss of Dicer results in decreases in the levels of dozens of miRNAs at once. One straightforward approach uses the median LFC (where LFC is defined for Dicer knockout experiments as the base 2 log of hybridization intensity in treated CDKO cells over the intensity in control cells) over all mRNAs containing conserved extended seed matches to a particular miRNA, analyzing each miRNA independently. (In this analysis, untreated CDKO cells, and treated and untreated wild-type MEFs, served as controls; hybridization intensity averaged over these three types provided a control value for calculating LFC.) Applying this approach to the set of 99 miRNAs (representing 80 unique seed sequences) detected by miRNA array analysis yielded a distribution of median LFCs that was significantly shifted toward higher values than for control (random) sets of mRNAs or for mRNAs containing conserved extended seed matches to the miRNAs (representing 50 unique seeds) whose expression was not detected above background (Fig. 3A) . (Median LFC was used in this analysis rather than mean because of its greater stability in the face of noise for the sometimes very small sets of conserved targets being analyzed.) This observation suggested that many of the changes in mRNA (miR-21, miR-22, miR-23b, miR-34a, miR-92, miR-191, miR-199a*, and miR-200b). expression observed in this experiment resulted from derepression of genes whose mRNA levels were specifically repressed by miRNA-programmed silencing complexes prior to knockout of Dicer. The derepression of mRNAs containing conserved seed matches to many expressed miRNAs following about twofold reduction in miRNA expression suggested that, at least in this system, many miRNAs are not expressed at saturating levels relative to their targets. mRNAs with seed matches to miRNAs not detected by microarray were shifted to an insignificant degree toward higher values relative to random mRNA sets of the same size (Fig. 3A) . A list of the mRNAs whose expression changed significantly following Dicer knockout is provided in Supplemental Table S5 .
Three previous studies have analyzed the effects of inhibition of miRNA processing enzymes on global mRNA expression, two using RNAi knockdown and one using targeted gene knockout. Rehwinkel and colleagues (2005) found that the set of mRNAs derepressed following RNAi knockdown of Drosha in Drosophila cells were enriched for miRNA targets predicted using the algorithm of Stark and colleagues Stark et al. 2005) , which is based on rules for targeting that (like TargetScanS) emphasize WC pairing to miRNA bases 2-8. Thus, the Rehwinkel study supported the idea that endogenous miRNAs commonly regulate their targets at the mRNA level through mechanisms involving seed match pairing. Recently, Schmitter and colleagues (2006) studied global FIGURE 3. mRNA derepression following Dicer knockout varies with seed match type and conservation status. (A) CDFs of median LFC for three classes of mRNA sets. The expression classes were: (1) mRNA sets containing extended seed matches to the 80 miRNA families whose expression was detected above background by microarray (black curve, selected miRNA family names shown); (2) mRNA sets containing extended seed matches to the 50 miRNA families that were not detectably expressed (gray curve); (3) randomly selected mRNA sets (dotted line). Distributions of detected and nondetected sets are significantly different (P < 0.01 by rank sum test), but distributions of nondetected and random mRNA sets are not. (B) CDFs of LFCs for mRNAs containing the indicated miR-430 seed match types-or no miR-430 seed matches (gray curve)-for MZdicer zebrafish embryo data (Giraldez et al. 2006) ; only mRNAs with exactly one miR-430 seed match were included (seed match type mRNA sets are mutually exclusive). All seed match type LFC distributions differed significantly from the no-seed-match class (P < 10 À7 by rank sum test), and the pooled extended seed match types differed from the 6 mer class (P < 0.01 by rank sum test). (Solid vertical gray line) The LFC below which 97.5% of the no-seed-match mRNA set falls. (Inset bar plot) LFC values for each seed match type, with error bars indicating standard error. (C) CDFs of LFCs for mRNAs containing conserved (red) or exclusively nonconserved (blue) extended seed matches, or no seed matches (gray) to the set of 31 ''responsive'' miRNAs in the CDKO MEF experiment (Supplemental Material). Seed match count, overall UTR conservation, and mRNA expression level were controlled between the sets. The distributions of mRNA with conserved and nonconserved seed matches are significantly different (P < 0.05 by rank sum test). See Supplemental Table S6 for additional statistics. changes in mRNA expression following RNAi knockdown of Dicer and Argonaute in cultured human cells. They observed up-regulation/derepression of overlapping sets of transcripts 2 and 6 d after knockdown of Dicer and 2 d after knockdown of Ago2, and again found enrichment for miRNA seed matches in the UTRs of derepressed mRNAs. Very modest effects were observed following knockdown of other Argonaute family genes. In the third study, Giraldez and colleagues (2006) used sophisticated gene knockout techniques to generate ''MZdicer'' zebrafish embryos deficient in both maternal and zygotic Dicer activity. The set of mRNAs whose expression was significantly increased in MZdicer embryos relative to wild type were enriched for seed matches to miRNAs of the miR-430 family, the most abundantly expressed miRNA family during early zebrafish development, representing z50% of miRNAs cloned. These and related studies of MZdicer embryos convincingly demonstrated that miRNAs promote accelerated decay of targeted mRNAs in vivo.
The predominance of a single miRNA family in zebrafish embryos made this system suitable for assessing the effects of seed match type on mRNA regulation by endogenous miRNAs. Analyzing mRNAs containing different miR-430 seed match types, M8-A1 8 mer were associated with the strongest derepression, with a mean nLFC value almost twice that seen for M8 or A1 7 mer. The mean nLFC values for the two 7 mer types were similar to each other and higher than for 6 mer ( Fig. 3B ; Supplemental Table S6 ). Thus, the ordering of seed match types and the relative magnitudes of 8 mer versus 7 mer seed match effects paralleled those seen for transfected miRNAs/siRNAs (Fig. 1) , indicating that the seed match hierarchy inferred from transfection data also holds for regulation by endogenous vertebrate miRNAs. For zebrafish miR-430, 6 mer had a higher nLFC value relative to 7 mer and 8 mer than in the mammalian miRNA/siRNA transfection experiments (Supplemental Tables S1, S2. The 6 mer nLFC value may be magnified by effects of other miR-430 superfamily miRNAs. Analogous seed match type comparisons were not attempted using the CDKO MEF data because most mRNAs contained a mixture of different seed match types, often to several different expressed miRNAs, so too few mRNAs containing only a single seed match type were available for effective analysis; the effect of the t1 position was not addressed in the CDKO MEF data for the same reason.
The repression of mRNAs containing conserved rather than nonconserved seed matches could be most effectively analyzed in the CDKO MEF data. In the zebrafish MZdicer data, the set of mRNAs containing conserved miR-430 seed matches was relatively small, and significant derepression relative to nonconserved seed matches was not observed (Supplemental Fig. S7 ). Seed match conservation is more difficult to assess in fish, as large differences in intergenic region sizes among the fishes yield less reliable genomic alignments, and classification based on seed match presence is limited by the relatively sparse 39 UTR annotations available for orthologous fish genes. In the MEF CDKO data, far larger mRNA sets were available for this analysis. In these data, the mean nLFC for mRNAs containing extended seed matches conserved between human, mouse, rat, and dog (HMRD) to a set of 31 ''responsive'' miRNAs (see Supplemental Material) was z50% higher than that for mRNAs containing exclusively nonconserved seed matches (P < 0.05), controlling for overall UTR conservation, mRNA expression, and seed match count (Fig. 3C ). This analysis, indicating that mRNAs containing conserved extended seed matches are preferentially repressed by endogenous miRNAs, further supports the idea that conserved miRNA targets possess additional targeting determinants that contribute to their repression by the miRNAs that naturally target them.
Fold change increases multiplicatively with seed match count for both endogenous miRNAs and exogenous miRNAs/siRNAs
Using luciferase or other reporter assays, increases in the magnitude of miRNA-directed repression have typically been observed when the number of 39 UTR seed matches is increased (Doench and Sharp 2004; Vella et al. 2004; Pillai et al. 2005 ), but the quantitative relationship between seed match count and repression has not been established using large sets of targets. Grouping mRNAs based on the number of extended seed matches to transfected miRNAs in the Lim datasets analyzed in Figure 1 , mean nLFC increased approximately linearly as extended seed match count increased from one to three for both miRNAs (Fig. 4A) . The dose-response relationship between extended seed match count and mRNA nLFC further supports the idea that seed matches are the primary determinant of mRNA down-regulation by miRNAs. Although the Lim ), Jackson (Jackson et al. 2003 (Jackson et al. , 2006 , and Schwarz (Schwarz et al. 2006 ) experiments used identical protocols and concentrations of transfected RNAs, the magnitude of the mean nLFC per seed match for the two miRNAs was roughly twice that seen on average for the siRNAs (not shown), suggesting some degree of optimization of target and perhaps miRNA sequences for efficient repression.
For endogenous zebrafish miR-430, a roughly linear relationship was also seen between the mean nLFC values of mRNAs containing one to three extended seed matches in the MZdicer experiment (Fig. 4B) . Here, as for the miRNA transfection data, too few mRNAs were available to extend the analysis beyond three seed matches. Because of the greater diversity of miRNAs affected, the CDKO MEF experiment allowed analysis of the effects of a larger range of seed match counts on mRNA repression. For the set of 31 ''responsive'' miRNAs used above, an approximately linear relationship was again observed between mean nLFC and the count of conserved extended seed matches (Fig. 4C) . This relationship held for conserved extended seed match counts from one up to at least five, suggesting that miRNA regulation is tunable over a very broad range. The essentially linear relationship between seed match count and the logarithm of the fold change observed in Figure 4 indicates that each seed match contributes multiplicatively to fold change in mRNA level. Multiplicative effects could be explained if RISCs act independently and each has a chance of interaction with a single effector site on the mRNA-such as the 59 cap (Kiriakidou et al. 2007 )-is required for RISC-mediated repression.
Evidence for A or U at position t9 as a targeting determinant
To search for additional targeting determinants, we analyzed the effects on mRNA down-regulation of nucleotides present at different target positions in the vicinity of seed matches. The Jackson/Schwarz siRNA transfection data were most suitable for this analysis because of the large number of independent siRNAs and array measurements. Although modest increases in down-regulation were associated with the presence of adenosine and/or uridine at a few other positions (not shown), the most pronounced effect was observed for the presence of A or U at position t9. Those mRNAs that had a t9W base (using the abbreviation W = A or U) were down-regulated to a greater degree following siRNA transfection than those with a t9S (S = C or G) residue (Fig. 5A ). This effect was pronounced for M8 7 mer (P < 10 À6 ) and 8 mer (P < 10 À2 ) seed matches, with a marginal effect observed for A1 7 mer (not shown). The effect remained highly significant whether controlling for UTR CG content (as in Fig. 5 ) or not. The increased repression of extended seed matches containing t9W was observed independent of whether the base m9 of the siRNA was a match to t9 or not (Fig. 5B) . No significant effect of t9 matching was observed, though the t9W match set for 8 mer in particular was quite small (n = 141), limiting statistical power to detect any effect that might exist. Taken together, these observations suggest that the presence of a t9W base adjacent to an extended seed match contributes to typical seed match targeting interactions, independent of pairing to m9.
The targeting role of t9 inferred from siRNA transfection data was corroborated by analyses of seed matches to miRNAs. Examining the composition of the t9 position for seed matches to a large set of conserved miRNAs in mammalian UTRs, we observed an increased frequency of t9W residues adjacent to conserved seed matches relative to control sets of nonconserved seed matches in UTRs matched for UTR CG content (Fig. 5C ). Signal:noise values for this miRNA set, calculated with control oligonucleotides matched for both count and CG content, were significantly higher for t9W compared with t9S seed matches (Fig. 5D) . Consistent with the siRNA analyses, the difference appeared independent of the base at position , the total number of extended seed matches was enumerated for each mRNA, and the mean nLFCs in the Lim transfection experiments were determined for sets of mRNAs grouped by seed match count (set sizes indicated above or below points). (Solid lines) Least squares fit for the whole data set. Error bars correspond to standard error. For each of these plots, the proportions of different seed match types for different seed match counts remained fairly constant. (B) Same as A for miR-430 extended seed match counts following Dicer knockout in zebrafish embryos (Giraldez et al. 2006 ). (C) Same as A for conserved extended seed match counts to 31 ''responsive'' mouse miRNAs (see Supplemental Material) in CDKO MEFs.
www.rnajournal.org 1903 miRNA and siRNA targeting determinants m9. These observations extend previous observations of increased conservation of t9A residues, independent of complementarity to miRNA base m9 , and support a role for t9W in miRNA targeting in vivo.
Increased conservation and AU content flanking siRNA seed matches associated with increased mRNA repression
Increased sequence conservation across mammals is observed in the vicinity of conserved miRNA seed matches relative to those that are not conserved, even when overall UTR conservation is controlled for (Fig. 6A) . The increase in conservation extends to 50 bases 39 and 59 of the seed match and beyond; similar patterns of increased local conservation are associated with other conserved UTR motifs (not shown; Lewis et al. 2005) . One possible explanation is that the sequence context flanking authentic conserved target sites is enriched for features-e.g., protein binding sites or RNA structural properties-that, directly or indirectly, enhance the effectiveness of miRNA targeting. To explore these issues, we returned to the siRNA data and compared siRNAdirected mRNA repression between mRNAs having different levels of sequence conservation in the 50 bases 59 and 39 of the seed match, in sets matched for overall UTR conservation, expression level, seed match type, and local and global AU composition (Supplemental Fig. S9 ). Strikingly, substantially stronger mRNA repression was observed for siRNA seed matches with high conservation in the 50 bases upstream of the seed match relative to seed matches with low conservation in this region (mean nLFC = 0.16 and 0.11, respectively, P < 10 À4 by rank sum test; Fig. 6C) . A similar effect of conservation in the downstream 50 bases was observed (mean nLFC = 0.16 versus 0.12, P < 0.05; Fig. 6C ). These results were not affected by whether or not the siRNA seed match itself was conserved (not shown).
In vertebrate genomes, AU-rich sequences have higher levels of average sequence conservation than CG-rich sequences, at least in part because of the high mutation rate of CpG dinucleotides (Hwang and Green 2004) , so it was important to determine whether the increased repression associated with conserved flanking regions resulted from an effect of base composition. The 30-50 bases just upstream of and downstream from conserved miRNA seed matches are indeed biased toward higher AU composition (Fig. 6B ), suggesting that local AU composition itself might contribute to targeting. However, the effect of sequence conservation on mRNA repression was significant whether AU content was controlled for (as in Fig. 6C) or not. Conversely, significantly increased repression was observed for FIGURE 5. Increased down-regulation of mRNAs with adenosine or uridine at position t9. (A) Mean nLFC for mRNAs containing the indicated nucleotide at position t9 flanking siRNA M8 7 mer and M8-A1 8 mer (rank sum test P-values; NS = not significant at P-value cutoff 0.05). Error bars indicate standard error, and the numbers of mRNAs are indicated above the bars. Each mRNA contained exactly one seed match to any given siRNA (i.e., t9 sets are mutually exclusive), and mRNAs in each of the four t9 sets were controlled for 39 UTR GC content. Other variables, such as mRNA expression, 39 UTR conservation, or m9 composition, did not differ significantly between t9 sets. (B) Same as A, but reclassifying the controlled mRNA sets by whether the t9 base pairs with the siRNA m9 (match) or not (mismatch). (C) Enrichment of t9W nucleotides flanking conserved versus nonconserved miRNA M8 7 mer and M8-A1 8 mer in human 39 UTRs (x 2 test P-values). The miRNA set consisted of conserved human miRNAs used for target prediction by Lewis et al. (2005) after removal of miRNAs with common m2-m8 seed regions but different m9 nucleotides, and pairs of miRNAs in the same superfamily. The nonconserved seed matches were sampled to match the seed match type, miRNA, and overall UTR CG content of the conserved set. (D) Mean signal:noise ratios for M8 7 mer and M8-A1 8 mer with t9W or t9S in match and mismatch configurations based on cohorts of control oligonucleotides ) matched for both count and exact CG content (error bars indicate standard deviation based on 14 control cohorts). (Dashed line) Baseline S:N value of 1. P-values based on Wilcoxon rank sum tests between indicated sets (NS = not significant at P-value cutoff 0.05). siRNA seed matches flanked by high AU content in the 50 bases either 39 or 59 of the seed match relative to those with low AU content in these regions (not shown). When this analysis was controlled for the effects of sequence conservation, overall UTR AU content, expression level, and seed match type, seed matches with high AU content in the 39 50 bases had significantly increased down-regulation relative to those with low AU content in this region (mean nLFC = 0.17 and 0.10, respectively, P < 10 À4 by rank sum test), but the effects of 59 AU content were no longer significant (Fig. 6D) . Thus, conservation immediately 59 and 39 and AU content 39 of seed matches are independently associated with increased mRNA down-regulation by siRNAs, and 59 AU content may also enhance downregulation. Choice of 50 base pairs (bp) as the size of the region to analyze was based on the distributions shown in Figure 6, A and B ; however, the magnitude of the effects shown in Figure 6 , C and D, were little changed when the size of the analyzed region was expanded or reduced by 20 bp.
In terms of the magnitude of nLFC change, each of these variables contributed to targeting to at least the same extent as the identity of the t9 base (e.g., Fig. 5B , compare mean nLFC value differences). The conservation of more distal 50-bp windows (e.g., bases 151-200 downstream from the seed match) was associated with increased repression when the controls on conservation in other regions were relaxed, but disappeared when either overall UTR conservation or conservation in the 50 bases immediately 39 of the seed match were controlled for (not shown). This observation suggests that effects for such distal windows observed in the uncontrolled analysis derive from the (fairly strong) positive correlation between conservation in nearby UTR regions and that the proximal 50 bp is of central importance. Similar results were obtained for AU content (not shown), again supporting the importance of the regions immediately adjacent to the seed match.
There are at least two plausible ways in which high AU content might increase effectiveness of adjacent seed matches. AU-rich sequences could be recognized directly by a component of the RISC or an auxiliary activating factor; a number of protein families are known that have affinity for A-rich, U-rich, or AU-rich RNA sequences (Barreau et al. 2005) , and functional connections between AU-rich binding factors and miRNA regulation have been reported (Bhattacharyya et al. 2006; Vasudevan and Steitz 2007) . Alternatively, AU-richness might enhance targeting by reducing the tendency for formation of stable RNA secondary structures that could interfere with RISC binding. Previously, it has been reported that predicted local folding of the mRNA in the vicinity of seed matches is a negative predictor of miRNA targeting (e.g., Robins et al. 2005 ). Consistently, we have observed that seed matches in regions of lower predicted thermodynamic stability using standard algorithms are associated with increased mRNA-level repression, but we have found that this effect disappears when the AU content of the region is controlled for (not shown). Thus, the effect of AU content we observe may contribute to targeting by reducing the potential for inhibitory mRNA structures, but other effects of AU-richness are also consistent with the data.
Since siRNAs are not naturally expressed, siRNA seed matches tend to be distributed essentially randomly in UTRs and do not experience selection related to targeting.
The magnitude of the effect of local conservation on siRNA seed match efficacy (Fig. 6C ) was similar in magnitude when siRNA seed matches falling within 100 bp of conserved miRNA seed matches were included (as in Fig. 6C ) or excluded (not shown). Therefore, the enhanced repression observed for siRNA seed matches that occur in regions of high local conservation (Fig. 6C) is likely to represent a side effect of mRNA features that are conserved for reasons unrelated to targeting by the RISC, such as RNA binding sites for factors involved in other aspects of mRNA biology (mRNA processing, stability, localization, translation, etc.) . For example, presence of proteins bound to sites nearby the seed match might increase accessibility to RISC by interfering with formation of local RNA secondary structures. Alternatively, the long coevolution of RISC and non-RISC factors binding nearby in mRNAs may have engendered more direct interactions, with common mRNA binding factors functioning to facilitate or stabilize RISC binding to nearby seed matches. Two very recent studies observed that, with the exception of the first z20 bases of the mRNA, the density of conserved seed matches increases as proximity to the stop codon or poly-A tail increases, (Gaidatzis et al. 2007; Majoros and Ohler 2007) ; however, signal:noise in these regions was not assessed. Another recent study reported synergy between nearby seed matches located 13-35 bases apart, providing support for the idea that RISC activity is modulated by the presence of proteins or complexes in nearby flanking regions (Saetrom et al. 2007) . Given the complexities of conservation effects on miRNA target analysis, including the phenomenon that mRNAs with lower overall UTR conservation have substantially higher signal:noise values for conserved miRNAs , analyses of the effects of local conservation and AU content on miRNA targeting were deferred pending availability of additional relevant data. Further investigation is clearly needed to understand the mechanisms underlying these phenomena.
Perspectives and applications to target/off-target prediction Here, we have described specific rules for miRNA/siRNA targeting, including a hierarchy of seed match types, the multiplicative effects of multiple seed matches, and targeting determinants outside of the seed match, including t9W and local conservation and AU content effects. All of these rules and determinants were supported for exogenous siRNAs and/or miRNAs by direct effects on mRNA levels, and for endogenous miRNAs through direct effects and/or comparative genomic data. Thus, in the available data these rules and determinants appear to be applicable to targeting by exogenous siRNA/miRNAs and endogenous miRNAs.
Current miRNA target predictions have relied very heavily on seed match conservation, ignoring potential species-specific miRNA targeting. However, we observe that nonconserved 8 mer seed matches on average exhibit stronger repression than conserved 7 mer (Supplemental Fig. S8 ). For studies of miRNA function, it would be extremely useful to be able to predict which mRNAs will experience the strongest repression to facilitate choice of targets for in-depth characterization, and similar considerations apply to the design and interpretation of experiments involving siRNAs. The new rules and determinants identified here can be combined to produce an expected nLFC score for a seed match by summing the mean nLFC of the seed match type (Fig. 1F ) plus the residual contribution to mean nLFC of the t9 base (Fig. 5A) , and of flanking AU content and conservation (Fig. 6 ). Following the results of Figure 4 , if multiple seed matches are present, their scores are added (scoring details are given in Supplemental Material) . Because this score can be used to rank potential siRNA off-target effects, and to generate an integrated ranking of conserved and nonconserved miRNA targets, we call it the TargetRank score. Application of TargetRank scoring to sets of mRNAs, each with a single 7 mer seed match to transfected siRNAs (with parameters derived from a held-out set of siRNA transfections) yielded a dramatic separation between the LFC distributions of the bottom 20% and top 20% of TargetRanked mRNAs in the test set ( Fig. 7A) , with mean nLFC increasing from 0.07 to 0.26, and the fraction of significantly down-regulated mRNAs increasing from 5% to 20% ( Supplemental Table  S7 ). Because all of the mRNAs in this analysis contained single 7 mer seed matches, the separation of the two distributions results from the additional determinants identified in this study (t9W, flanking conservation, and FIGURE 6. siRNA-directed mRNA repression is enhanced by local conservation and AU content. (A) Mean percent conservation at UTR positions within 100 bp 59 (left) and 39 (right) of conserved (red) or nonconserved (blue) extended seed matches to the set of conserved vertebrate miRNAs used in Lewis et al. (2005) ; overall UTR conservation was controlled for in the comparison of conserved and nonconserved seed matches. The average conservation differs significantly for the 100 bases 59 and 39 of the seed match (P < 10 À200 by rank sum test for both). (B) Mean AU content (sets controlled for UTR AU content); average AU content is significantly different both 59 and 39 of the seed match (P < 10 À18 , P < 10 À30 ), respectively. (C) Mean nLFC for three equal-sized mRNA sets binned by percent conserved positions (in HMRD) in the 50-nt region immediately 59 (orange) or 39 (purple) of siRNA seed matches (59 region ends at position t10; 39 region begins one base 39 of position t1) for mRNAs containing single extended seed match to the relevant siRNA. Bars indicate standard error of the mean. Set size and mean percent conservation for each set are reported above and below each bar, respectively. P-values are for two-sided rank sum tests between the first and third bins. For both 59 and 39 conservation, the three bins have been sampled such that their distributions of overall UTR conservation, 59 (or 39) AU content, overall UTR AU content, seed match type, and initial expression level are not significantly different (P $ 0.05) (Supplemental Fig. S9 ). (D) Same as C, but with UTRs binned by AU content in the same 50-nt regions. Bins are sampled to control for UTR AU content, 59 (or 39) conservation, overall UTR conservation, seed match type, and initial expression level (NS = not significant at P-value cutoff 0.05). AU content), demonstrating their combined utility for siRNA off-target prediction.
Applying the same scoring system to expression data for Th1 thymocytes from mir-155 knockout mouse versus wild-type cells (Rodriguez et al. 2007 ) also yielded a strong degree of separation. When scoring mRNAs containing exclusively nonconserved single 7 mer seed matches, mean nLFC increased from 0.01 for the bottom 20% of Target-Ranked mRNAs (NS relative to no-seed-match mRNAs) to 0.09 for the top 20% of mRNAs (P < 0.01 relative to no-seed-match or bottom 20% mRNAs) ( Fig. 7B ; Supplemental Table S7 ), demonstrating the applicability of these additional determinants to regulation by endogenous miRNAs, and suggesting an approach for identification of important species-specific miRNA targets. In practice, scoring of 6 mer, 7 mer, and 8 mer seed matches and messages containing multiple seed matches yields a broader range of TargetRank scores and a correspondingly greater separation between the distributions of higher and lower ranked genes. Grouping siRNA and nonconserved miR-155 targets into five bins of TargetRank scores demonstrated a strong and approximately log-linear relationship between mRNA down-regulation and TargetRank score (Fig. 7C,D) . The relative ranking given by TargetRank is probably more useful than the score itself, since the overall magnitude of miRNA-or siRNA-associated repression will vary in different systems, as seen above.
Unlike purely conservation-based methods, TargetRank scoring of the expressed mRNAs in a cell type yields an integrated ranking of conserved and nonconserved targets, and should therefore be particularly helpful in identifying important species-or clade-specific miRNA targeting relationships. These results should also aid in interpretation of RNAi phenotypes and in prediction of the miRNA targeting effects of mutations and polymorphisms in human genes. Fig. 1 
MATERIALS AND METHODS

Conditional Dicer knockout mice and MEFs
Male mice carrying one copy of the pCAGGCre-ER allele (Hayashi and McMahon 2002) and one Dicer floxed allele (Harfe et al. 2005) were crossed to Dicer floxed/floxed females harboring also a LacZ reporter (R26R) for detection of Cre activity (Soriano 1999) . Timed-pregnant females were sacrificed at embryonic day 16 and embryos were dissected and dissociated to generate mouse embryonic fibroblast (MEF) primary culture (following Abbondanzo et al. [1993] ). After 72 h of incubation, cells were frozen in aliquots. Mice were housed and handled in accordance with protocols approved by the Institutional Animal Care and Use Committee of Harvard Medical School.
Cell culture and treatments
MEFs were thawed prior to experiments, grown in DMEM supplemented with 10% FCS, penicillin/streptomycin and glutamine, split once, and induced for loss of functional Dicer by addition of 4-orthohydroxy Tamoxifen (0.5 mM; OHT; Sigma). Following 4 d (and daily change of media and drug), total RNA and total protein were extracted. Control MEFs derived from wild-type mice were subjected to the same treatments.
RNA extraction
Total RNA was extracted using TRIzol reagent (Sigma), and RNA quality was measured using an Agilent Bioanalyzer.
MEF miRNA microarray analysis
MicroRNA microarrays were printed using a Cartesian PixSys 5500 Arrayer on epoxy slides (Corning) using Ambion's miRvana amine-modified DNA oligonucleotide probe set (version 1564V1) and scanned using an Axon Scanner GenPix 4000 (see Supplemental Material for further details).
Northern analysis
Thirty micrograms of total RNA was separated in 15% TBE-UREA gels (Bio-Rad), transferred to a GeneScreen Plus membrane (Perkin Elmer) using semidry electroblot apparatus (Owl) in 13 TBE (90 mM Tris-base, 2 mM EDTA, 90 mM Boric acid) at 350 mA for 35 min. The membrane was then UV cross-linked at 1000 mJ (Stratagene) and heated for 2 h at 80°C. Prehybridization and hybridization were carried out in PerfectHyb Plus Hybridization Buffer (Sigma) supplemented with Salmon Sperm DNA (20 mg/mL) for 2 and 16 h, respectively, at 42°C, with a radiolabeled probe added to the latter. Washes were done in 23 SSC + 0.2% SDS (twice), then 13 SSC + 0.2% SDS (once) for 5 min at 50°C. Membranes were exposed to a PhosphorImager cassette for 3 d, then scanned (PhosphorImager, Molecular Dynamics, 445 SI) and quantitated (ImageQuant, Molecular Dynamics).
MEF mRNA microarrays
Affymetrix GeneChip Mouse Genome 430_2 Array labeling, hybridization, and scanning were performed according to the manufacturer's instructions. The data discussed in this publica-tion have been deposited in NCBI's Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number GSE6046. To map probes on the Affymetrix Mouse 430_2 array to Refseq transcripts, we used custom CDF file MM430_MM_REFSEQ_6, downloaded from http://brainarray.mbni.med.umich.edu/Brainarray/Database/ CustomCDF, the custom CDF project site. Refseq transcript expression levels were then calculated using GCRMA (GCRMA package, Bioconductor in R environment) using default settings. Genes with normalized log 2 intensity below 3 were excluded from analysis.
UTR datasets
Genome coordinates for 39 UTRs were obtained using Refseq annotations and alignments of hg17 with 16 other vertebrate genomes, available from UCSC (http://hgdownload.cse.ucsc.edu) for human (hg17, May 2004), mouse (mm5, May 2004), and zebrafish (danRer3, May 2005). Only Refseq transcripts mapping uniquely to the genome were considered. Annotated 39 UTRs shorter than 50 nt were excluded.
miRNA seed match counts and conservation
The 39 UTR sequences were searched for nonoverlapping seed matches to relevant miRNAs or siRNAs of the types shown in Figure 1A . For human and mouse analyses, multiple alignments were obtained for each 39 UTR by extracting the relevant region from genomic alignments available in multiple alignment format (MAF) from UCSC (http://hgdownload.cse.ucsc.edu, hg17 alignments of 17 vertebrate genomes). Seed matches with perfect conservation in aligned human, mouse, rat, and dog (HMRD) UTRs were labeled conserved.
miRNA and siRNA transfection datasets
Microarray expression data for miR-1 and miR-124 HeLa transfection experiments were obtained from GEO accession GSE2075. Array platform information for these experiments was obtained from GEO accession GPL1749. Probes were mapped to the human genome using BLAST, and subsequently mapped to Refseq annotated 39 UTRs using Refseq genomic mapping files available from UCSC (http://hgdownload.cse.ucsc.edu/ goldenPath/hg17/database/). Microarray expression data for siRNA HeLa transfection experiments (Jackson et al. 2003) were obtained from http://www.rii.com/publications/2003/nbt831.html and from GEO accession GSE5814 (Jackson et al. 2003 (Jackson et al. , 2006 Schwarz et al. 2006 ) and GSE5291 (Jackson et al. 2003 (Jackson et al. , 2006 Schwarz et al. 2006) . Only values with Refseq IDs were used for this analysis. To remove poorly expressed genes, we excluded genes with log 2 intensity <À4.0 for both datasets. The analyses reported here are based on 24-h data where repression was typically stronger.
Zebrafish embryo Dicer knockout datasets
Microarray expression data for zebrafish wild-type and MZdicer mutant embryos (Giraldez et al. 2006) were obtained from GEO (accession GSE4201). Probe information for the Affymetrix Gene-Chip Zebrafish Genome Array was also obtained from GEO (accession GPL1319). Probes were mapped to Refseqs using genomic mapping information for zebrafish Affymetrix Exemplar sequences from the UCSC annotation database. Only probes with a present (P) call were used for analysis.
bic/mir-155 knockout datasets
Microarray expression data for mouse wild-type and miR-155 deficient Th1 cells (Rodriguez et al. 2007) were obtained from ArrayExpress (accession E-TABM-232). Only probes mapping to mouse Refseqs were used for analysis.
Log fold change (LFC)
The mean normalized log fold change value for miRNA/siRNA transfection experiments was defined as the difference between the mean LFC for mRNAs lacking seed matches to the transfected miRNA/siRNA and the mean LFC for mRNAs containing seed matches of the given type (median nLFC was defined analogously). For Dicer miRNA knockout experiments, the nLFC was defined as the difference between the mean LFC for mRNAs containing seed matches to the relevant miRNAs (e.g., miR-430) and the mean LFC for mRNAs lacking seed matches to any relevant miRNA. The variability of the nLFC value due to experimental noise was estimated for 12 ''effective'' siRNAs where duplicate array data were available (MAPK14-M1, -M2as, -M4as, -M5as, -M6as, -M15, -M18, MPHOSPH1-2692, PRKCE-1295, SOS1-1582as, VHL-2651as, VHL-2652, where ''as'' indicates the strand antisense to the targeted mRNA). The nLFCs for expressed mRNAs containing one or more extended seed matches to the relevant siRNA were calculated for each array. The average Pearson correlation between nLFC values from duplicate array pairs was 0.83. The Pearson correlation among mean nLFC values across the duplicate array pairs was 0.91. These data indicate that while there is some variation among nLFCs for individual mRNAs, the mean nLFC is highly reproducible.
Statistical analyses
All test statistics were calculated using R (http://www.r-project. org). The Wilcoxon rank sum test was chosen over the t-test because it does not assume normality of the underlying distributions, and because it is more intuitive and familiar than nonparametric alternatives such as the Kolmogorov-Smirnov (KS) test. t-tests and KS tests using these data gave generally similar results. A P-value cutoff of 0.05 was used for all analyses.
SOFTWARE AVAILABILITY
A TargetRank Web server is available at http://genes.mit.edu/ targetrank/.
SUPPLEMENTAL MATERIAL
Supplemental Material, including nine figures, seven tables, Experimental Procedures, and References can be found at http:// genes.mit.edu/burgelab/Supplementary/nielsen_shomron07/.
